The clinical management of tuberculosis is a major challenge in southern Africa. The prevalence of within-host genetically heterogeneous Mycobacterium tuberculosis infection and its effect on treatment response are not well understood. We enrolled 500 patients with tuberculosis in KwaZulu-Natal and followed them through 2 months of treatment. Using mycobacterial interspersed repetitive units-variable number of tandem repeats genotyping to identify mycobacterial heterogeneity, we report the prevalence and evaluate the association of heterogeneity with treatment response. Upon initiation of treatment, 21.1% of participants harbored a heterogeneous M. tuberculosis infection; such heterogeneity was independently associated with a nearly 2-fold higher odds of persistent culture positivity after 2 months of treatment (adjusted odds ratio, 1.90; 95% confidence interval, 1.03-3.50).
Previous reports suggest that within-host genetic diversity of Mycobacterium tuberculosis infection, especially when comprising isolates that differ in terms of drug susceptibility, can compromise the performance of diagnostic tools [1] , reduce treatment effectiveness [2] [3] [4] , and alter the expected population-level effects of interventions [5] . We describe a prospective study of 500 patients with pulmonary tuberculosis from an area of high tuberculosis incidence and human immunodeficiency virus (HIV) prevalence. We aimed to estimate the prevalence of within-host diversity (ie, complex infection), identify factors associated with complex infection, and determine whether complexity affects early treatment response.
METHODS

Study Setting and Design
Our study was based in the Edendale Hospital catchment area, in Pietermaritzburg, KwaZulu-Natal (KZN), the South African province with the highest rates of incident tuberculosis in the country. The tuberculosis notification rate in KZN was 889 cases/100 000 individuals in 2012, and approximately 60% of individuals with new tuberculosis cases are coinfected with HIV [6] .
Between June 2011 and November 2012, we enrolled 500 patients with tuberculosis from 5 primary healthcare clinics. All smear-positive adults (age, ≥18 years) who had not initiated treatment for the current episode of tuberculosis were eligible. Study nurses approached potential participants on site when smear microscopy results were communicated.
We collected 2 pretreatment sputum specimens from each study participant in spot-spot collection on the day of enrollment. For participants unable to produce a sufficient volume of sputum, study nurses used saline nebulizers for sputum induction. We administered a questionnaire that ascertained demographic characteristics (eg, sex, age, and race) and medical information (eg, previous tuberculosis treatment, HIV infection status, and use of antiretroviral drugs). HIV testing was recommended to all participants regardless of reports of previous test results. Treatment charts were reviewed for the latest CD4 + T-cell count among individuals reporting positive results of previous HIV tests. Immediately after enrollment, treatment was started with rifampicin, isoniazid, ethambutol, and pyrazinamide combination tablets in accordance with current South African Department of Health guidelines. Streptomycin was discontinued in the retreatment regimen during mid-2012.
We followed each participant for 2 months and recorded the number of doses taken. At this follow-up visit, we collected 1 additional sputum specimen; induction with saline nebulizers was done as needed. Study data were collected on paper forms and double entered into REDCap (Research Electronic Data Capture) [7] . The biomedical research ethics committee at the University of KwaZulu-Natal and the KwaZulu-Natal Department of Health, as well as the Partners Human Research Committee (Boston, Massachusetts), approved the protocol (2009-P-001938) for this study.
Laboratory Testing
Sputum samples were refrigerated immediately and transported to the clinical laboratory at the University of KwaZulu-Natal (UKZN; Durban, South Africa) within 24 hours. To minimize elimination of minority subpopulations of mycobacteria, we adopted a slightly gentler sputum decontamination procedure, using a 4% NALC-NaOH solution, compared with a 5% NALCNaOH solution that is typically used in this laboratory.
All laboratory tests (with the exception of mycobacterial interspersed repetitive units-variable number of tandem repeats [MIRU-VNTR] typing) were conducted at UKZN. Sputum specimens from individual patients were pooled, and microscopy was performed on the decontaminated specimens, using ZiehlNeelsen staining. To improve the sensitivity for detecting minority subpopulations [8] , we cultured specimens on 3 solid plates (Middlebrook 7H11 agar) and in liquid medium (Mycobacteria Growth Indicator Tube [MGIT] 960). Direct susceptibility tests were also performed on the decontaminated specimen, using the 1% agar proportion method, and cultures were read in a double-blinded fashion after 3 weeks. For all cultures that yielded resistant M. tuberculosis or were contaminated, repeat samples were obtained for analysis by either MGIT or solid cultures.
Mycobacterial colonies were swept from half of each of the 3 plates and suspended in 200 µL of sterile distilled water. From MGIT cultures, 1 mL of liquid culture was aspirated into 2-mL Eppendorf tubes and centrifuged at 15 000 g for 15 minutes. The supernatant was discarded, and mycobacterial pellets were resuspended in 200 µL of sterile distilled water, incubated at 95°C for 30 minutes, and centrifuged at 15 000 g for 1 minute. The supernatant was harvested, and 100 μL of the lysate was inoculated into 96-well plates and shipped for 24-loci MIRU-VNTR typing at Genoscreen (Institute Pasteur, Lille, France) [9] . The lysates were stored and transported at −20°C.
Classification of Heterogeneous Infections
We defined MIRU-VNTR patterns that included at least 1 locus with >1 copy number as heterogeneous infections [10] ; all other patterns were designated as simple infections.
Statistical Analysis
We used multivariable logistic regression to assess (1) whether any factors were associated with the presence of a heterogeneous infection at the time of treatment initiation and (2) the independent association of baseline factors with culture conversion after 2 months of treatment. For our multivariable models, we included all variables and report unadjusted and adjusted estimates in Tables 1 and 2 . Statistical analyses were performed in StataSE, version 13.1 (College Station, Texas). Table) .
Findings at Baseline
Although participants were recruited on the basis of a smearpositive diagnostic sputum result and had not yet initiated treatment, upon repeated sampling at enrollment only 53.8% of participants had a smear-positive specimen. MIRU-VNTR typing results were available from the isolates of specimens collected in 436 participants at enrollment. Of these individuals, 344 (78.9%) had simple infections and 92 (21.1%) had heterogeneous infections. In univariate analyses, previous treatment and younger age were associated with a reduced odds of heterogeneous infection, but after adjustment for other measured covariates, these associations did not remain statistically significant predictors of heterogeneity (Table 1) .
Findings After 2 Months of Treatment
A total of 444 participants (88.8%) were successfully followed through the 2-month visit. Reasons for noncompletion of the study included death (2.0% of participants), withdrawal of consent (1.2%), loss to follow-up (4.2%), moving out of the study area (3.0%), and other unspecified reasons (0.8%). Of the 444 participants successfully followed through 2 months, we obtained positive culture results for 87 of 399 (21.8%) who were able to produce sputum specimens that were of adequate volume and were uncontaminated in the laboratory (Supplementary Figure) . MIRU-VNTR typing results were obtained for isolates from 77 participants after 2 months of treatment. Among these participants, 64 (83.1%) had simple infections, whereas 13 (16.9%) had evidence of heterogeneous infections.
The presence of a complex infection was independently associated with a nearly 2-fold increased odds of persistent culture positivity (adjusted odds ratio [aOR], 1.90; 95% confidence interval [CI], 1.03-3.50; P = .04). Other variables independently associated with persistent culture positivity included multidrug-resistant disease present at baseline (aOR, 3.79; 95% CI, 1.12-12.84; P = .03) and older age at treatment initiation (aOR, 1.03 for every additional year of age; 95% CI, 1.01-1.06; P = .01; Table 2 ).
DISCUSSION
We found that approximately 1 in 5 patients with smear-positive tuberculosis had evidence of a complex infection at the time of treatment initiation. No measured factors were predictive of complex infection at the time of treatment initiation. Although the association did not reach statistical significance, previous receipt of tuberculosis treatment trended toward a reduced odds of heterogeneous infection, suggesting that the selective pressure of previous treatment may serve as an evolutionary bottleneck or limit the window of time in which a participant can be reinfected. In a previous post mortem analysis conducted in this same setting, we also found a trend toward a negative association between previous treatment and complex infection (OR, 0.27; 95% CI, .06-1.20) [11] . This finding stands in contrast to a recent report that found previous treatment to be associated with a higher risk of polyclonal infections in a study of HIV-infected individuals in Botswana [12] . This may reflect differences in the levels of immunosuppression between study populations, differences in strain distribution and transmission intensity, or differences in the timing between episodes and effectiveness of prior treatment between study settings.
We did not find that the HIV infection status of participants was associated with complex M. tuberculosis infection. While Shin et al [12] found polyclonal infections to be most common amongst HIV-infected participants with the lowest CD4 + T-cell counts, we were not able to comprehensively assess the association between complex infection and immunosuppression among HIV-infected individuals because we did not have sufficiently complete CD4 + T-cell count data. However, in a subanalysis .993-.999), which is consistent with these previous findings.
Our estimated prevalence of complex infection is within the range reported by other studies in southern Africa that have used different designs and laboratory approaches for identifying within-host complexity [5] . We had anticipated that, by culturing multiple specimens in parallel, we might increase the opportunity to identify rare variants, but this design did not lead us to find a higher prevalence of complex infections than has been previously reported. Our ability to detect these rare variants is still limited by several factors: (1) failure to harvest all existing variants within the participant in the spot sputum samples; (2) loss of rare variants during sample transport, decontamination, and culture; (3) outcompetition of variants in culture; and (4) limited sensitivity of genotyping by MIRU-VNTR for detecting complexity. Higher-resolution sequencing methods that analyze sputum samples directly will address some of these limitations [13, 14] .
Despite this limitation, we found that the detection of complex infection was independently associated with an increased odds of persistent culture-positive tuberculosis. In our study setting, this deleterious effect of within-host diversity of infection on early treatment response appears to be independent of a relationship with drug resistance. Previous reports have demonstrated that infections with 2 strains that differ in drug susceptibility or infections with differing susceptibilities (ie, heteroresistance) can compromise treatment outcomes [2] [3] [4] . Our result suggests that the presence of a heterogeneous mycobacterial population itself may predict poorer treatment response, but we are unable to determine whether this association is due to a causal link between heterogeneity and treatment response (eg, a genetically diverse mycobacterial population presents special challenges for drug treatment or for host immune clearance) or because it serves as a marker of increased host vulnerability (eg, greater immunosuppression and possibly greater mycobacterial burden). Because our follow-up ended at 2 months, we were unable to examine the relationship between complex infections and final treatment outcome.
Our study is consistent with previous reports suggesting that the within-host heterogeneity of M. tuberculosis infection is not a rare event in tuberculosis-hyperendemic areas and is likely underestimated by use of current approaches [15] . We found significant effects of within-host diversity on 2-month culture conversion, even in the absence of a relationship between complexity and drug resistance. If transmitted drug resistance increases, we expect the association between heterogeneity and poor treatment response to strengthen.
While our study has strengths including a large study size and a prospective design with good follow-up, further work is needed to describe the impact of within-host heterogeneity on final treatment outcomes. Although these findings cannot be generalized to settings of lower HIV prevalence, the observation that heterogeneous infections compromise early treatment response is important and should be reexamined. Higher-resolution genomic typing of strains, such as whole-genome sequencing or metagenomic analysis, will facilitate improved understanding of the within-host complexity of infections and the dynamic response of these mycobacterial populations under the selective pressure of treatment.
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